The most significant social behaviour of the lactating mother is maternal behaviour, which comprises maternal care and maternal aggression (MA). The latter is a protective behaviour of the mother serving to defend the offspring against a potentially dangerous intruder. The extent to which the mother shows aggressive behaviour depends on extrinsic and intrinsic factors, as we have learned from studies in laboratory rodents. Among the extrinsic factors are the pups' presence and age, as well as the intruders' sex and age. With respect to intrinsic factors, the mothers' innate anxiety and the prosocial brain neuropeptides oxytocin (OXT) and arginine vasopressin (AVP) play important roles. While OXT is well known as a maternal neuropeptide, AVP has only recently been described in this context. The increased activities of these neuropeptides in lactation are the result of remarkable brain adaptations peripartum and are a prerequisite for the mother to become maternal. Consequently, OXT and AVP are significantly involved in mediating the fine-tuned regulation of MA depending on the brain regions. Importantly, both neuropeptides are also modulators of anxiety, which determines the extent of MA. This review provides a detailed overview of the role of OXT and AVP in MA and the link to anxiety.
Introduction
In pregnant females, dramatic changes occur in the brain resulting in physiological and behavioural adaptations which enable the prospective mother to cope with her new situation. As the offspring represent the mother's reproductive fitness, maternal behaviour appears to be her most important social behaviour. This behaviour can be found throughout various species from fish, reptiles and birds, to mammals. The mother expresses a wide variety of maternal behaviours, which serve to ensure the well-being and proper development of the offspring. Most mothers build a nest, retrieve the young into it, provide them with food and keep them warm and clean; these behaviours can be summarized as maternal care. A further component of maternal behaviour is maternal aggression (MA). Importantly, this phrase does not refer to aggressive behaviour towards the offspring, which is suppressed in lactating mothers [1, 2] , but rather to the mother defending the offspring against a potentially threatening intruder. For this reason, MA should be considered a positive form of aggression.
A lactating mother has an innate drive to fight against an intruder. This innate drive to physically protect the pups is almost unique to the lactating mother; in fact, in rodents a female virgin hardly ever attacks an intruder. However, this changes dramatically from late pregnancy through early lactation, and the extent to which MA is displayed can depend on both extrinsic and intrinsic factors. Extrinsic factors include various aspects of the pups and/or the intruder. Intrinsic factors relate mainly to the substantial adaptations found in the peripartum brain, like the expression and activity of brain oxytocin (OXT) and arginine vasopressin (AVP) neuropeptide systems. Here, I will review our current knowledge on how MA is modulated by these extrinsic and intrinsic factors with particular emphasis on OXT and AVP. As the vast majority of experiments have been performed in the most common laboratory rodents, i.e. rats and mice, I will focus on these studies unless otherwise stated.
(a) Behavioural components of rodents' maternal aggression
During the display of MA, the mother shows offensive and defensive behaviours in order to defeat the intruder [3] [4] [5] [6] . The mother's offensive behaviours consist of fast attacks, which are sometimes paired with bites, directed toward the neck or back region of the intruder. However, bites can also occur without a previous attack. Furthermore, the mother is frequently engaged in lateral threats, also called lateral postures, where she approaches the intruder sideways, often with physical contact to force the intruder aside. Another offensive aggressive behaviour of the mother is sniffing at the intruder's genital area after an attack because the genital area is not only important for reproduction but is also a highly vulnerable body part. Indeed, highly aggressive mothers sometimes even attack this region. The defensive nature of MA is expressed in the mother's piloerection-a sign of fear and/or stress. With respect to defensive aggressive behaviour, the mother often stands in an upright posture in front of the intruder. This can be followed by the intruder taking a submissive horizontal posture, with the mother holding the intruder down with her front legs, also known as the 'keep down' posture.
Extrinsic and intrinsic factors modulate maternal aggression
MA in rodents is modulated by both extrinsic and intrinsic factors. However, when considering the impact of such aspects, the saying 'mice are not small rats' is advisable. Though the majority of the extrinsic and intrinsic factors have similar effects in both species, some of them differently affect MA (see below). With respect to intrinsic factors, the social decision-making network in various vertebrate lineages reveals that brain regions relevant for social behaviour are remarkably conserved. However, the spatial distribution of neuroendocrine ligands, rather than of receptors, is variable [7] . Hence, the diversity of social behaviour is based on variations within a conserved neural and gene expression network [7] . In the following, I will discuss how extrinsic ( pups and intruders) and intrinsic (anxiety, OXT and AVP) factors modulate MA and highlight where such factors differ or converge in their effects.
(a) Maternal aggression is triggered by extrinsic factors: role of pups and intruders
The environment a lactating mother lives in provides numerous stimuli that can directly impact the behavioural expression of MA. In more detail, MA is strongly modulated by two extrinsic key factors: the pups, who are dependent on their mother for protection, and the intruder, who is (usually) defeated by the mother.
(i) Pups' stimulation of the mother is required for maternal aggression A virgin rat would not defend foster pups against an intruder, because she would not show any maternal behaviour within the first days of pup-exposure (for review, see [8] ). It is even thought that a brain circuit gets activated in the virgin rat that mediates avoidance behaviour towards the pups [9] . By contrast, a virgin mouse shows spontaneous maternal care and, consequently, would defend the pups if she experienced a suckling stimulus [10] . In support of this, suckling, but not lactation per se, is necessary to initiate and maintain MA in mouse dams [11, 12] . In turn, suckling increases OXT release, not only into the blood stream to stimulate the milk ejection reflex but also within distinct brain regions (as shown in rats, [13] [14] [15] ) and brain OXT is capable of modulating MA (see below). In rats, the presence of the pups immediately after birth is important for the onset of MA [16] . While MA is also significantly decreased after short (2.5 h) pup separation [17] , MA can be reinstated by placing cross-foster pups with the mother, which is possible up to 4, but not 8, days after separation [16] . The lack of effect 8 days after separation has been attributed to a significant amount of nipple regression in the mothers, especially because induced nipple growth in ovariectomized and maternally sensitized virgin female rats elicits fighting behaviour [16] . However, the suckling stimulus is not required for the onset or maintenance of MA [18, 19] . For example, in rat mothers, removing the nipples by thelectomy does not alter MA [20] , whereas ventral trunk anaesthesia does, thereby demonstrating that at least somatosensory stimulation of this region is required to evoke MA [21] . In terms of a translational aspect of such findings, a recent study in humans found that breastfeeding mothers are more verbally aggressive toward an unduly aggressive opponent than formula-feeding mothers or women who had never been pregnant before [22] . This suggests that in humans, the suckling stimulus might be required for initiating heightened aggressive behaviour in response to a threatening situation similar to what has been described in the mouse (see above).
(ii) Developmental stage of the pups affects maternal aggression
Besides these different mechanical stimulations of the mother by the pups, their age and, consequently, the progress of lactation affects MA. This is similar in both mouse and rat mothers. MA is highest in the early lactation phase but rapidly declines to the end of lactation, i.e. three weeks after parturition in most laboratories (figure 1; rat [4, 6, 23, 24] ; mouse [25] [26] [27] rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130085 rat mothers at various stages of lactation suggest that the decline in MA is not caused by the pups' physical and behavioural maturation [28] , whereas other studies show the opposite [29] . However, it seems that the length of cross-fostering before testing MA is an important factor [29] . Furthermore, younger pups [28, 29] are less mobile, and therefore depend more on the mother compared with older pups [30] . Consequently, it has been suggested that the degree of the pups' independence from the mother may also cause the differences in MA [29] . In conclusion, the development of the pups can indeed trigger the natural decrease of MA.
(iii) The intruder's age and sex modulate maternal aggression
As the offspring represent the reproductive fitness of the mother, she is eager to fight for their survival. The killing of offspring, i.e. infanticide, is the main threat posed by intruders. Infanticide appears to be a widespread, though not common, phenomenon in mammals. However, the underlying motivations of the intruder seem to be diverse. In 1979, Hrdy [31] proposed five classes of explanation for infanticide in mammals: social pathology, exploitation, resource competition, parental manipulation and sexual selection. The latter seems to be a key factor for pup killing in rodents as it is mainly males that commit infanticide, especially when they are unrelated to the pups [32, 33] . With respect to females, virgin intruder rats can be implicated in infanticide upon acute exposure to pups [1, 2] , whereas in virgin intruder mice this is almost absent. The biological basis for this difference is probably related to the fact that virgin mice, but not rats, display spontaneous maternal behaviour [8] .
Apparently, the intruder is a main extrinsic trigger of MA. In fact, the behavioural expression of MA is the sum of the action towards the intruder and the reaction to the intruder's presence and behaviour, which in turn reflect the mother's level of aggression [3, 34] . For example, the age and/or size of the intruder directly affect the aggressive behaviour of lactating rat [35, 36] but not mouse mothers [24] . Lactating rats fight more against younger than older male intruders [35] . As age and size/weight are related to each other, another study replicated these findings with respect to the weight difference between mother and intruder [36] . Intruders smaller than the mother are bitten by 80% of the residential dams, but larger male intruders only by 30%. The higher weight difference paired with a greater fight-back level in the older intruders might cause the lower aggression level of the mothers [35] . Older male rats also have higher serum testosterone levels, which led to the speculation that an androgendependent pheromone could inhibit the mother's attacks [35] . However, the authors also mention an unpublished observation with similar study design; here older rats had higher testosterone levels compared with younger ones, confirming previous findings [35] , whereas both male intruder groups elicited similar aggression levels from lactating females. Hence, the effect of testosterone on MA in rats is not clear. In contrast, in mice, significantly reducing testosterone levels in male intruders by removal of their gonads at six weeks of age results in fewer attacks by lactating mothers against those intruders when adults are compared with intact ones [37] . The same study shows that gonadectomized female mice are attacked less often than intact male or female intruders, but with no difference between the latter two groups. Thus, it appears that MA does not depend on the sex of the intruder in mice ([24,37] , but also see [38] ), whereas in rats male intruders receive less aggression from the lactating mother when compared with female intruders [38] independent of the intruders' reproductive status [34] . However, while we used virgin female intruders in our MA test paradigm [3, [39] [40] [41] [42] , most other MA studies in rats are conducted with male intruders [5] , and therefore more studies are required to investigate that conclusion.
(b) Maternal aggression is triggered by intrinsic factors:
impact of anxiety, oxytocin and arginine vasopressin
Dramatic changes occur in the peripartum brain resulting in altered behaviour and emotionality of the mother. Such modifications are essential for her to cope with her new and challenging situation and to show maternal behaviour. Among the intrinsic factors are the mother's decreased innate anxiety and adaptations of her neuropeptide systems. Here, key neuropeptides involved in maternal behaviour and anxiety are OXT and AVP, which show increased activity peripartum on various levels, such as increased mRNA expression and release, as well as increased receptor mRNA expression, receptor density and/or binding (for reviews, see [8, 43, 44] ). At this point, I briefly introduce the OXT and AVP systems. Both neuropeptides are closely related nonapeptides, which differ from each other in only two out of nine amino acids and which are both implicated in various social behaviours [45] [46] [47] . The neuropeptide OXT is synthesized in and released from hypothalamic paraventricular (PVN) and supraoptic nuclei (SON) and their projections. When released into the periphery, OXT has essential reproductive functions in the peripartum period, i.e. promotion of labour and milk ejection. At the same time, OXT is released within the lactating brain, for example in the PVN and SON themselves but also into other brain regions like the septum, the hippocampus or the olfactory bulb ( [13] [14] [15] [48] [49] [50] [51] [52] , for review see [44] ). There is only one known OXT receptor (OXT-R) and it belongs to the G protein-coupled receptor family [53] . With respect to AVP, it is synthesized in the PVN and SON but-different from OXT-also in parts of the limbic system like the bed nucleus of the stria terminalis (BNST) [47] . In the periphery, AVP can act on the release of the stress hormone adrenocorticotropin from the pituitary, as well as having vasoconstrictory and antidiuretic properties. In line with the latter, AVP released within the brain is thought to maintain osmotic homoeostasis, especially in lactation [49, 54, 55] . In terms of receptors, there are three known types, which all belong to the G proteincoupled receptor family [56] : V1a-R (only found in the brain), V1b-R (brain and periphery) and V2-R (periphery). As the V1a-R is most abundant in the brain, most studies to date have been performed on this receptor type, at least in the maternal brain.
Each of the above mentioned intrinsic factors can modulate MA to varying extents. To begin with, I show that MA is affected by the mother's anxiety level and that it is linked to brain OXT and AVP. Thereafter, I discuss the behavioural impact of these systems on MA.
(i) The mother's innate anxiety affects maternal aggression
One of the peripartum changes associated with lactation is reduced anxiety. This is true not only for mice and rats (for rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130085 reviews, see [57, 58] ) but similar findings have also been described in humans. Mothers that breastfeed are less anxious and more often report positive mood states compared with bottle-feeding mothers [59] [60] [61] [62] . The reduced anxiety in lactation is likely to be a prerequisite for the mother to be able to take care of her young/offspring. Indeed, neuropeptides such as OXT and AVP, which are directly implicated in anxiety, are also modulators of MA (see below). It is feasible that a mother needs to be less anxious in order to defend the offspring, especially when confronted with a threatening situation such as the presence of an intruder. Indeed, in mice higher levels of MA are accompanied by lower anxiety [63, 64] . Similarly, in studies investigating MA in lactating rats, reduced MA is paired with increased anxiety following injections of cocaine [65] or lesions of the periaqueductal grey [66] . But, there are also studies in lactating rats demonstrating the opposite. For example, injections of comparable amounts of diazepam act anxiolytically [67] but also reduce MA [68] . In addition, successful manipulation of one parameter does not necessarily result in a change of another parameter (for review, see [5] ). However, especially in rats, the experimental approach of linking MA and anxiety has mainly been performed via pharmacological manipulation, which does not necessarily reflect a causal relationship [58] .
We were able to contribute to this field of research by studying our rats bred for high (HAB) versus low anxiety-related behaviour (LAB; for details on selection and breeding, see [69 -72] ). Importantly, while HAB, but not LAB, rats become less anxious in lactation their inborn difference in anxiety is still apparent [73] . In addition, lactating HAB and LAB rats have very robust differences in maternal care, maternal motivation and MA ( [3, 41, 42, 73, 74] , for review see [58] ). The more anxious HAB mothers display more maternal behaviour compared with the less anxious LAB, a finding which we recently replicated in a mouse model for extremes in anxiety [75] . With respect to MA in the rat breeding lines, lactating HAB mothers attack the virgin female intruder more often, with shorter attack latencies and a higher overall level of aggression compared with LABs [3, 41, 42, 58] . This is probably linked to their overall high protective mothering style [58] , and we even found that MA is positively correlated with the mothers' innate anxiety [58] . At first sight, this might sound contrary to findings in lactating rats and mice (see above), as well as to studies on aggression in males, where high anxiety is coupled with low aggression levels ( [72] , mice: [76] , HAB/LAB rats: [77, 78] ). However, in lactating HAB and LAB mothers, the high and low maternal aggressive behaviour, respectively, is apparently independent of preceding manipulations (surgery or injections). Therefore, the link between high anxiety and high MA is most probably related to the natural situation, especially when compared with pharmacological or lesion studies. In fact, it is reasonable to suggest that lactating mothers have to overcome their innate anxiety in order to defend the offspring against the potentially dangerous intruder.
One of the underlying mechanisms of reduced maternal anxiety during the display of MA is probably the brain OXT system. In the peripartum period, the activity of the OXT system is upregulated (see above) and anxiety is reduced. Indeed, OXT acts as an anxiolytic independent of sex or reproductive status in rodents ( [74, [79] [80] [81] [82] [83] [84] ; but see Campbell [85] ). In females, continuous infusion of OXT into the lateral ventricle via osmotic minipumps reduces anxiety in lactating rats [74] as well as in virgin female rats nonselected for anxiety [86] . Furthermore, the same treatment/ application method leads to decreased anxiety in virgin HAB rats, whereas chronic administration of a selective OXT-R antagonist (OXT-A) [87] results in increased anxiety in virgin LAB rats [88] . Regarding MA in HAB mothers, a high amount of OXT is released especially in the PVN and the central amygdala (CeA) during the display of MA (for details see below) [3] . In fact, high levels of OXT in the PVN [80, 84, 89] and/or the CeA [90 -92] are known to have anxiolytic properties. Interestingly, only 10 min after ending the confrontation with an intruder, the HAB mothers' OXT release within either of the brain areas and their anxiety are back to a HAB-typical level [3] . Such a mechanism, which is based on the brain adaptations peripartum, can serve to enable even highly anxious mothers to react adequately to a dangerous situation.
It is important to note that HAB and LAB rats are bred for extremes in anxiety over several years [72] , and therefore also differ genetically because breeding for a trait results in homozygosity at loci conferring that trait/behaviour. In HAB rats, the naturally suppressed transcription of the AVP gene is disinhibited owing to a single nucleotide polymorphism in the promoter of this gene [93] . As AVP is anxiogenic independent of sex or physiological status [47, 74, [94] [95] [96] , the upregulated expression and release of brain AVP in HAB rats is, consequently, the basis of their hyperanxiety, as has been shown in males [93, 96, 97] and in lactating females [74] . It is not surprising that the upregulated brain AVP activity is also part of the underlying neuroendocrinological mechanism for the high levels of maternal behaviour in HAB mothers [58] . For example, a single acute intracerebroventricular (icv) infusion of a selective V1a-R antagonist (V1a-A) [98] in HAB mothers decreases maternal behaviour as well as anxiety, whereas chronic infusion of synthetic AVP increases both parameters [74] ; these effects were shown to be mediated via V1a-R. Importantly, in the same study we demonstrate that these findings are transferable to Wistar rats non-selected for anxiety; the same treatments have the exact same effects on maternal behaviour and anxiety. At this point, when comparing the emotional and maternal roles of AVP and OXT, it becomes clear that both neuropeptides influence maternal behaviour in the same direction but have opposite effects on anxiety. The role of anxiety as a potential modulator of maternal care and aggression may sound controversial in light of what was stated above. However, one has to keep in mind that different brain areas often have different roles in terms of emotionality and/or behaviour. In a natural situation, i.e. a non-manipulated brain, neuropeptides can be released differentially in various brain regions involved in MA (but also maternal care) or anxiety [58] . In the laboratory, such a condition can be mimicked by manipulating the neuropeptide systems in a region-specific fashion, which enables dissection of their particular role in either of these behavioural or emotional parameters. Another approach is to manipulate the OXT and AVP systems via icv injections, which results in the drugs spreading throughout almost all of the brain and thus acting on a vast number of brain areas simultaneously. However, in the latter paradigm, the resulting behavioural phenotype is the integration of the drugs' effects in several brain areas. While this does not allow a definite conclusion on the specific role of (in this case) a neuropeptide system, it rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130085 can serve as an initial approach. In the following section, I show how various experimental approaches, from knock-out models and selective breeding lines to pharmacological manipulations, helped us to understand how OXT and AVP impact on MA.
(ii) The brain oxytocin system mediates maternal aggression While the initial experiments on the role of OXT in maternal care date back to the late 1970s and early 1980s [99, 100] , it took almost 20 more years until the first study on OXT as a modulator of MA was published. The current knowledge on OXT-mediated MA, as well as the role of relevant brain regions is summarized in detail in table 1.
The first study in this line of research was in OXT-knockout mice [101] , which do not have detectable levels of OXT in the PVN or SON. Homozygous OXT-knock-out mice show reduced aggressive behaviour towards an intruder when compared with the wild-type line. This result is not surprising given the fact that OXT also promotes maternal care and-together with MA-serves to secure the proper and safe development of the offspring. However, the previous finding could not be confirmed by a subsequent pharmacological study in lactating Wistar rats [34] ; acute blockade of OXT-R by icv injection of OXT-A does not alter any parameter of MA. By contrast, we recently showed in the highly aggressive HAB mothers that the exact same treatment decreases MA as seen in a reduced number of attacks when compared with vehicle-treated HAB mothers [44] . Furthermore, confirming a behavioural role for the OXT system in MA, in the less aggressive LAB mothers a chronic 5-day infusion of OXT into the lateral ventricle via osmotic minipumps increases the number of attacks towards the intruder, the frequency of lateral threats and overall MA [44] . With respect to these findings, it is likely that the difference in MA in the HAB and LAB breeding lines is based on line-dependent differences in the availability of endogenous OXT [44] . Furthermore, because the results from the study in HAB and LAB rats (but also from the OXT-knock-out mice) are contrary to the findings in lactating Wistar rats, this demonstrates that the experimental approach of icv injection does not allow definite conclusions to be drawn per se as discussed above.
(iii) Brain regions involved in oxytocin-mediated maternal aggression
In addition to these icv, and thus, global studies, there are various region-targeted approaches helping us to learn more about the role of brain OXT in MA. One experimental approach is locally implanted microdialysis probes, which allow researchers to sample, for example, the neuropeptides OXT and AVP in the extracellular space from a certain brain region of freely moving and behaving rats (for review, see [105] ) with no detectable behavioural interference [40] . Subsequently, the amount of neuropeptide in each sample can be measured, e.g. by radioimmunoassay [106] . Using these techniques, we were able to show that the release of OXT within the hypothalamic PVN increases during the display of MA in lactating Wistar rats [40] . In confirmation, in the more aggressive HAB mothers, OXT release increases during the maternal aggressive encounter, whereas in the less aggressive LAB mothers the release of OXT decreases even below basal levels [3] . A further indication of a link between intra-PVN OXT release and the amount of MA is Table 1 . Brain oxytocin as a regulator of maternal aggression in rats and mice. HAB/LAB, Wistar rat of the breeding line for high/low anxiety-related behaviour; MA, maternal aggression; OXT, oxytocin; OXT-A, oxytocin receptor antagonist; OXT-AS, oxytocin antisense; OXT 2/2 , oxytocin receptor knock-out; SD, Sprague -Dawley; ---, not different to control; , increase compared with control; , decrease compared with control (control refers to wild-type mice (OXT 2/2 ) or vehicle-treated animals). [39] rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130085 the finding that both parameters are positively correlated, independent of the breeding line [3] . Furthermore, as lactating HAB and LAB rats do not differ in OXT-R mRNA expression, the OXT release pattern is thought to be responsible for the line-specific differences in MA [3] . To further demonstrate the role of OXT in MA, we altered the expression levels of this behaviour by locally manipulating OXT-R in the PVN using the technique of retrodialysis. Here, the microdialysis probe is implanted bilaterally into the target region and flushed with artificial cerebrospinal fluid enriched with the drug of interest, e.g. selective receptor agonist or antagonist, while exposing the lactating rat to the intruder. In fact, blocking OXT-R with a selective OXT-A reduces the overall offensive behaviour towards the intruder in the initially more aggressive HAB mothers, whereas in LABs bilateral infusion of synthetic OXT tends to increase their lateral threats [3] . In confirmation of our results on the role of the PVN (and hence the local OXT system) in MA, an earlier study shows that bilateral electrolytic lesion of the PVN reduces the frequency and duration of attacks towards a male intruder [107] . By contrast, the same group showed that ibotenic acid lesions, as well as acute inhibition of local OXT synthesis via antisense oligonucleotide infusion within the parvocellular region of the PVN, increase the biting frequency of the lactating mother towards a male intruder [102] . Hence, the authors speculated that the oxytocinergic parvocellular neurons of the PVN exert an inhibitory effect on MA [102] . It is important to note that, although both the parvocellular and the magnocellular part of the PVN consist of OXT-synthesizing neurons, it is likely that the majority of OXT released within the PVN derives from dendrites of magnocellular neurons [108] . In addition to the hypothalamic PVN, OXT is also released in the limbic CeA, BNST and lateral septum (LS) during the display of MA as measured by local microdialysis. Here, the CeA seems to be a highly important brain region, because the local increase of available OXT has anxiolytic properties (for more details, see above [90] [91] [92] ). This is necessary to enable the mother to react adequately to the threatening situation, i.e. defending the offspring against the intruder. In support, not only is OXT-R mRNA expression increased in lactation in the CeA [3] -probably a prerequisite for the reduced anxiety at that reproductive stage-but furthermore the release of OXT within this region increases during the display of MA in both HAB and LAB mothers [3] . The release is more pronounced in the initially more anxious HAB mothers compared with the less anxious LABs. Additionally, OXT release during exposure to a virgin female intruder positively correlates with the amount of aggressive behaviour displayed. Hence, HAB mothers defeat the intruder more effectively than LAB mothers do. In detail, intruders exposed to HAB mothers show more freezing and defensive behaviours, as well as elevated anxiety 10 min after ending the MA test compared with intruders of LAB mothers. Supporting the relevance of locally released OXT for MA, bilateral retrodialysis of a selective OXT-A decreases the number of attacks and overall offensive behaviour in HAB, but not LAB, mothers [3] . Our findings in rats are supported by a study in lactating hamsters, where repeated administration of OXT in the CeA enhances aggression towards a male intruder [109] . On the other hand, it should be noted that a study in rats found the opposite relationship between intra-CeA OXT and MA [103] ; infusion of a selective OXT-A into the CeA of lactating Sprague-Dawley (SD) rats 4 h before exposure to a male intruder increases the mothers' attack frequency. Owing to the design of this study, it is possible that a local rebound effect has occurred at the time MA was tested. In detail, while initially aiming to block OXT-R, the delay between treatment injection and behavioural testing might have caused increased OXT release [44, 110] , which is known to enhance MA. The second explanation for the opposing results might be the use of Wistar rats (including HAB and LAB, which originate from the Wistar strain [3] ) as opposed to SD rats [103] . Such a strain-related effect has already been discussed in the context of intermale aggression [46] .
The BNST and the LS are further limbic brain regions which might be involved in MA. In both brain regions, OXT-R binding is not only generally increased in lactation (BNST [111, 112] ; LS [113] ), but also is the highest at the time when MA peaks, i.e. early lactation ( figure 1; [23] ). At this time point, MA is even positively correlated with OXT-R binding within the LS [23] . In addition, neuronal activity within the LS, as well as in the BNST, is heightened in response to MA [114] . Indeed, we found increased local OXT release during MA in the BNST and the LS of lactating SD rats using local microdialysis [39] . However, other studies do not support a facilitating role for, or even involvement of, OXT in maternal aggressive behaviour within these brain regions. For example, local infusion of synthetic OXT into the BNST has been shown to decrease the biting frequency of lactating Wistar rats towards a male intruder [104] . With respect to the LS, we did not detect any changes in local OXT release during the display of MA compared with pretest (basal) levels in lactating Wistar rats [40] , in contrast to the findings in SD rats. Therefore, further studies are needed for a definite conclusion on how these brain regions might contribute to the behavioural expression of MA, e.g. pharmacological approaches or a more precise examination of the subregions of the BNST and the LS.
Besides a direct impact on MA, OXT can also promote this behaviour indirectly by affecting amino acid release, e.g. g-aminobutyric acid and glutamate [42] , or by its inhibiting effect on corticotropin-releasing factor (CRF)-containing neurons. With respect to the latter, activation of the CRF system decreases MA in lactating rats [115] and mice [116] . However, increased CRF mRNA expression in the PVN following stress exposure is attenuated by chronic icv infusion of OXT in ovariectomized virgin female rats [117] , thereby counteracting the activation of the CRF system. Furthermore, an acute infusion of OXT into the PVN of virgin female [84] and male [80] rats acts anxiolytically, which might enable the initially highly anxious HAB mothers to overcome their innate fear and to react adequately to the challenging situation similar to its proposed effects in the CeA (see above).
(iv) The brain arginine vasopressin system mediates maternal aggression
Almost concurrent with OXT, the neuropeptide AVP was implicated in maternal care in the early 1980s [99] . However, regarding involvement of AVP in MA, Lonstein and Gammie in 2002 noted that 'it is surprising . . . that no work has directly examined a link between vasopressin and MA in any species' [5, p. 879] . Only a few years later, the first studies were published linking the brain AVP system to MA in lactating mice [118, 119] and rats [120] . A detailed summary of our rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130085 present knowledge on AVP-mediated MA and the role of relevant brain regions in mice and rats can be found in table 2. To date, the only studies in lactating mice investigating an involvement of brain AVP in MA were performed in V1a-Rand V1b-R-knock-out lines. In V1a-R-knock-out mice, MA is not different from the behaviour in wild-type mice [118] . The authors interpreted their results in two ways; either V1a-R is not critical for MA or due to the lifelong knockout of V1a-R other neural circuitries underlying MA have compensated for the loss. In fact, the latter might be the case when taking the findings in lactating rats into account (see below). With respect to lactating mice of the V1b-Rknock-out line, they show a significantly longer attack latency, as well as a lower number of attacks, compared with wild-type mothers [119] , making this receptor type an interesting target for MA. In support, male V1b-R-knockout mice also have impaired attack behaviour towards a conspecific [123] . Together with the fact that V1b-R are expressed in brain regions related to social behaviour [124] , this finding suggests that this receptor might generally be involved in modulating aggressive behaviour. However, so far no further studies have investigated V1b-R-mediated MA in mice or rats.
To study AVP-mediated MA in lactating rats, the HAB and LAB breeding lines are particularly useful animal models. The more maternally aggressive HAB rats also have genetically determined higher AVP synthesis and release (for details see above), although V1a-R binding is similar between the breeding lines, at least in the PVN and CeA [41] . In lactating HAB rats, blocking V1a-R by acute icv injection of V1a-A reduces the number of attacks and overall offensive behaviour [41] . Accordingly, in LAB mothers, increasing the available AVP by chronic infusion of the synthetic agonist over 5 days increases these aggressive parameters. These findings are in line with studies in male rodents where AVP facilitates aggression (for review, see [54] ). On the other hand, studies in lactating SD rats indicate the opposite role of AVP [121, 122] . At first sight, the use of different rat strains (Wistar versus SD) and/or breeding lines (HAB/LAB) might be a key factor contributing to the opposing results (also see above [78] ). However, we recently found that, in lactating SD rats, local AVP release is enhanced within distinct brain regions in response to MA (for details see below [39] ). Thus, the different experimental approaches, i.e. icv versus local, are more likely to be responsible for the different results (see above [44] ).
(v) Brain regions involved in arginine vasopressin-mediated maternal aggression
To reveal whether locally released AVP within the PVN is involved in the behavioural expression of MA, we performed microdialysis in lactating HAB and LAB rats [41] , as well as in lactating SD rats [39] . Interestingly, lactating SD rats show high levels of MA comparable with lactating HAB rats (O. J. Bosch and S. M. Klampfl 2011, unpublished data). However, while the AVP levels within the PVN are unaltered during MA compared with pretest levels in HAB and LAB mothers, in lactating SD rats the release of AVP is increased. Whether such local AVP release in fact contributes to the display of MA requires further studies involving pharmacological manipulations, e.g. injection of a selective receptor antagonist and subsequent behavioural observation. It is also noteworthy that in male rats AVP levels within the PVN increase in response to social defeat, a social and stressful stimulus [125] . Similarly, a lactating mother's exposure to MA is also stressful as seen in the elevated plasma levels of stress hormones not only in lactating Wistar rats [34] but also in lactating HAB Table 2 . Brain vasopressin as a regulator of maternal aggression in rats and mice. AVP, arginine vasopressin; HAB/LAB, Wistar rat of the breeding line for high/ low anxiety-related behaviour; MA, maternal aggression; SD, Sprague -Dawley; V1a-A, V1a receptor antagonist; V1a 2/2 , V1a receptor knock-out; V1b 2/2 , V1b receptor knock-out; ---, not different to control; , increase compared with control; , decrease compared with control (control refers to wild-type mice (V1a and LAB rats [126] . Therefore, it is surprising that in HAB and LAB mothers, we did not detect changes in AVP release in response to a maternal aggressive encounter. Another brain region importantly involved in mediating MA is the CeA, as has been shown already for the OXT system (see above). In fact, the findings for OXT and AVP are similar. By using intracerebral microdialysis in our animal models for extremes in anxiety, we found that the high levels of MA in lactating HAB mothers are accompanied by increased release of AVP within the CeA, whereas it remains unchanged in LAB mothers [41, 120] . Furthermore, locally released AVP in the CeA is positively correlated with the amount of MA displayed, independent of innate anxiety. In support, blocking V1a-R by retrodialysis of V1a-A into the CeA of lactating HAB mothers decreases MA (number of attacks as well as the overall aggressive behaviour). Furthermore, retrodialysis of synthetic AVP into the CeA of the initially less aggressive LAB mothers makes them more aggressive. Hence, the release of AVP within the CeA appears to be an important trigger of MA. Interestingly, the display of MA and/or defeat of the intruder as a stressful event for the lactating mother [34, 126] are thought to be emotionally evaluated by the amygdala causing acute adaptations at behavioural and neuroendocrine levels [34, [127] [128] [129] .
Two further brain regions have been investigated regarding AVP-mediated MA, namely the BNST and the LS. In both these regions, V1a-R binding is increased in early lactation (LS: [23], BNST: [111] ). Within the LS, V1a-R binding even positively correlates with the display of aggressive behaviour [23] . Regarding the release of AVP, we recently found that in both the BNST and the LS local AVP release increases during a maternal aggressive encounter in lactating SD rats [39] . In support of a behavioural function of intra-BNST AVP release, acute bilateral infusion of V1a-A decreases MA in lactating Wistar rats [111] . In more detail, the number and duration of attacks is decreased, and consequently the latency until the first attack is prolonged as well as the overall aggressive behaviour being decreased. A similar study for the LS establishing the relevance of locally released AVP for MA has not yet been performed. However, in male rats, local AVP release within the BNST and the LS has been correlated negatively and positively, respectively, with the display of intermale aggression [130] .
Conclusion
The extent to which the mother displays MA is triggered by both extrinsic and intrinsic factors. Here, brain OXT and AVP systems within hypothalamic and limbic brain areas are key factors regulating/modulating MA as well as anxiety. In fact, the level of the mother's innate anxiety correlates with the release of these neuropeptides in various brain regions, which can be triggered also by extrinsic factors. Hence, the regulation of MA in rodents is complex and depends on various factors. This ensures that the mother can evaluate the situation appropriately and react accordingly when confronted with an intruder. 
